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SUMMARY 

Acid-catalyzed alcoholysis of thirteen ferrocenes bearing M-M (M = Si and/or 
Ge) subitituents has been studied under ambient conditions. With a low concentra- 
tion of hydrogen chloride (~0.053 IW) no significant protodemetalation to give 
ferrocene occurred. while the M-M bond underwent alcoholysis smoothly to form 
in most cases a l.bdiferrocen$- or a l,l’-ferrocenylenedisiloxane (or digermoxane), 
depending on the structure of the starting compound. A ferricenium ion intermediate 
having the M-M grouping is postulated in the light of the fact that the presence of 
both oxygen and an acid is essential for the occurrence of the reaction in alcohol. 

INTRODUCTION 

There is ample evidence to show that protodesilylation of certain trialkylsilyl- 
substituted ferrocenesl-’ follows a similar path to that in the benzene series, the 
latter being typical of electrophilic substitution reactions4. 

In our previous communication5, we reported that although ferrocenes 
containing the Si-Si groupings as substituents similarly undergo protodesilylation 
in refluxing methanolic solution of hydrogen chloride, another type of reaction which 
results in a selective cleavage of the silicon-silicon linkage adjacent to the ferrocenyl 
group becomes significant when the acid catalyst concentration is less than 0.015 M. 
At a much lower hydrogen chloride concentration the protodesilylation is almost 
suppressed, while the unusually easy cleavage of the silicon-silicon bond is still 
observed. Thus our primary concern has been to obtain some insight into the mecha- 
nism of the latter reaction. This paper describes acid-catalyzed alcoholysis of several 
ferrocene derivatives which contain the M-M (M = Si and/or Ge) groupings under 
ambient conditions, and a possible effect of oxygen present in the reaction mixture 
on the course of reaction. 

RESULTS AND DISCUSSION 

Preparative methods, some physical properties for ferrocene derivatives 
(1)-(x1) used in th e p resent study are reported in the preceding papeP. The hydrogen 
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ACID ALCOHOLYSIS OF Si- AND Ge-FERROCENES 309 

TABLE 2 

pHysxx_ PROPERTIES AND ANALYTICAL DATA FOR NEW COMPOUNDS 

Compound AnaIysisfiund (c&d.) (%) 

M.P. e Cl 
No. Formula C H 

(XII) C,,H,,FeOSi” 57.95 
(58.34) 

(xv) C,,H,,Fe,Ge10 117.5-118.5 48.81 
(48.74) 

&VII) C,,H,,FeGe,O 91.5-92.5 41.91 
(41.49) 

t=W CzOH,,FeOSi, 52.56 
(51.92) 

W) CIgH,,FeGeOSiZ 49.90 
(49.28) 

LI n&O 1.5580. 

6.98 
(6.99) 
5.31 

(5.11) 
5.23 
(4.97) 
8.46 
(8.28) 
7.66 
(7.49) 

chloride concentration ranged over 0.001-0.053 M. Most of the reactions were con- 
ducted at room temperature. Under these conditions, any protodemetalation to give 
ferrocene was found to be insignificant, but cleavage of M-M bonds adjacent to the 
ferrocenyl group took place smoothly. The extent of the reaction was readily followed 
by GLC. All results in&ding the reaction conditions employed are summarized in 
Table 1. The reaction products were isolated by distillation and/or recrystallization. 
Their physical properties and analytical data are listed in Table 2, and ‘H NMR 
data in Table 3. 

Cleavage of monosubstituted ferrocenes 
Both (pentamethyldisilanyl)ferrocene (I) and [(trimethylgermyl)dimethyl- 

silyl] ferrocene (II) have been found to undergo cleavage of the 58-M (M = Si or Ge) 
bond in an ethanolic solution of hydrogen chloride at room temperature to give 
(ethoxydimethylsilyl)ferrocene (XII). Qualitatively, (I) reacted much faster than (II)_ 
(Methoxydimethylsilyl)ferrocene (XIII) was similarly obtained in good yield from 

0 0 
SiMe2cOEt) 

HCI _ 

EtOH 
Fe + Me,MOEt (1) 

(1) M=Si 

(XI) M=Ge 
(XII) 

(I) with methanol as solvent. (Pentamethyldisiioxanyl)ferrocene (XIV) found in one 
case may be a secondary condensation product formed from (XII) and ethoxytri- 
methylsilane formed during the reaction, presumably because of the prolonged period 
of reaction time. 

On the other hand, the cleavage of [(trimethylsilyl)dimethylgermyl]ferrocene 
(III) and of @entamethyldigermanyl)ferrocene (IV) in ethanol containing hydrogen 

J. Organometal. Chem., 43 (1972) 
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chloride gave rise to an unexpected product, 1,3-diferroccnyltetrametbyldigermoxane 
m. Here again, a marked difference in reactivity between (III) and (IV) was observed, 
which will he discussed in detail in a forthcoming paper. 

GeMe,MMe, 

Fe 
& 

EtOH 

(ml M= Si 

(IE) M=Ge 

(2) 

Cleavage of disubstituted ferrocenes 
The reaction of l,l’-disubstituted ferrocenes (V)-(X) always resulted finally 

in the formation of those products in which the two cyclopentadienyl rings are intra- 
molecularly bridged by a metaloxane bond such as 1,3-(l,l’-ferrocenylene)tetra- 
methyldisiloxane (XVI) and -digermoxane @VII) [eqns. (3) and (41-J. 

SiMe,MMe, 

Fe HCI 
EtOH 

(p) M=Si 
m) SiMe, instead of MMe, 
tSlUI)M=Ge 

GeMe2MMe, 

0 0 
SiMep 

\ 
Fe /O (3) 

0 0 L, 
tXSZI) 

0 O GTe2 
\ 
P (41 Fe 

HCI 
Fe 

0 

EtOH 

0 GeMe,MMe, 0 0’ GeMe, 

Cnm) M=Si 
(IX) M=Ge 

The possible intermediates, 1-(ethoxydimethylsilyl)-l’-(pentamethyldisilanyl)fe~o- 
cene@VIII)and 1-(pentamethyldisilox~yl)-1’-@entamethyldisilanyl)ferroceoe~IX) 
were in fact detected, along with @VI), by GLC analysis in the early stages of the 
reaction of (V). These compounds were isolated pure by preparative GLC, and 
separately allowed to react under the same conditions as above, giving (XVI). Other 
conceivable products, e.g., l,l’-bis(ethoxydimethylsilyl)ferrocene’ or l,l’-bis(penta- 
methyldisiloxanyl)ferrocenes, could not be detected in the present experiments. 
However, it was confirmed that these two compounds readily undergo condensation 
in the presence of acid to afford (XVI). 

Summarizing these results, the cleavage of(V) is apparently stepwise in nature 
and can be best represented by the following scheme: 

J. Orgarwmetal. Gem., 43 (1972) 



312 M. KUMADA et al. 

HCI 
(PI -- 

EtOH 

SiMe,(OEtJ 

Fe + 

0 0 SiMe,SiMe, 

0 0 
SiMe$OEt) 

Fe + 

0 0 SiMe2(0Et 1 

0 0 
SiMegOSiMeg 

Fe 

0 0 SiPle.$iMe, 

G 
0 

SiMe,OSiMe 

Fe 

0 0 SiMe,IOEt) 

l-(Ethoxydimethylsilyl)-1’-[(tr~methylge~yl)dimethylsilyl~ferrocene, (XX), is form- 
ed analogously as the initial product from (VII), but more slowly than is (XVIII) from 
(V). This is in good accord with the fact that the cieavage of the Si-Si bond in com- 
pound (I) occurs qualitatively much faster than that of the Si-Ge bond in (II), as 
described above. 

Cleavage of bridged ferrocenes 
Bridged ferrocenes, 1,2-&I’-ferrocenylene)tetramethyldisilane (X) and -di- 

germane (XI), undergo cleavage with much greater ease under the standard con- 
ditions (see Table 1) to give WVI) and (XVII), respectively_ The observed high re- 
activity of bridged ferrocenes, (X.) and (XI), toward the acid-catalyzed alcoholysis of 
M-M linkages might be ascribed in part to the internal strain of the bridging, though 
their NMR spectral data are not consistent with any occurrence of the type of ring 
tilting which has been observed with the carbon congeners of (X) and (XI)g_ 

0 0 
MMe2 

Fe I - 

0 0' MMe, 

HCI 

EtOH 
Fe 0 

/ 
MM+ 

(5) 

(X) M=Si 
(XI) M=Ge 

(XVI) M=Si 
(XVII) M=Ge 

The effect of hydrogen chloride and oxygen on the cleavage reaction 
As described in the earlier communicatior?, the lower the concentration of 

hydrogen chloride in methanol, the higher becomes the apparent yield in a selective 
cleavage of the silicon-silicon bond adjacent to the ferrocenyl group, e.g., in (penta- 
methyldisilanyl)ferrocene (I). However, this merely means that the rate of proto- 
desilylation of both (I) and the (methoxydimethylsilyl)ferrocene @III) formed as a 
primary product, is reduced ; the latter compound was, indeed, shown to survive 

J. Organo’metal. Chem., 43 (1972) 
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under the conditions employed. Thus, in general, we found that the protodemetala- 
tion was negligible when the concentration of hydrogen chloride was less than 0.005 M 
at reflux of solvent or 0.050 M at room temperature, and therefore acid-cataiyzed 
alcoholysis of the M-M (M=Si and/or Ge) bond of compounds (1)-(x1) could be 
conveniently examined. 

In addition, the most interesting feature of the reaction has emerged from the 
following findings: (I) is substantially inert either in an oxygen-free ethanolic solution 
of hydrogen chloride (0.053 M) (except for very slow protodesilylation to give 
ferrocene) or in acid-free ethanol under ambient conditions_ 

It is weli known that ferrocene is easily autoxidized in an acidic medium to 
form ferricenium ion”, which decomposes rapidly in neutral or basic solutions, to 
give partly ferrocene along with hydroxides of iron”*“. Therefore, the fact that the 
presence of both oxygen and an acid in alcohol is essential for the present cleavage 
reaction may be best interpreted by postuiating that ferricenium ion intermediates 
having M-M (M = Si and/or Ge) groupings are involved in the course of the reaction_ 
The M-M bond is much more polarizable13, and hence reactive, than the carbon- 
carbon bond. The well-established strongly electron-withdrawing na.ture of the ferri- 
cenium groupI will facilitate the alcoholysis of the M-M bond by making the group 
with ferricenium having the M system in the a-position a good leaving group. It should 
be noted that a similar type of alcoholysis of the M-M (M = Si or Ge) bond in alkenyl- 
disilanes and -digermanes is aIso observed in the presence of palladium(II) com- 
plexes15*16. 

Convincing evidence for the intervention of ferricenium ions in the course of 
the reaction will be presented in the succeeding paper. 

EXPERIMENTAL 

Alcoholysis of organosilyl- and organogermyl-substituted ferrocenes in the presence 
of hydrogen chloride 

The following is typical of the procedures used. A solution of 380 mg (1.20 
mmoi) of (pentamethyldisilanyl)ferrocene (I) in i0 ml of absolute ethanol containing 
hydrogen chloride (0.018 M) was allowed to stand at room temperature for 31 h. 
The solution was then added to water (50 ml) and the mixture was extracted twice 
with 30 ml portions of petroleum ether. The extracts were combined, dried over 
sodium sulfate and concentrated. GLC analysis (30% Apiezon L on Celite, at 270”) 
of the concentrate showed it to consist of (ethoxydimethylsilyl)ferrocene @II) (50.2 %), 
(pentamethyldisiloxanyljferrocene (XIV) (43-O%), and ferrocene (6.8 %)_ Although 
(XIV) could not be separated completely pure because of the proximity of its position 
on GLC to that of (XII), it was identified by comparison of the GLC retention time 
and lR and NMR spectra of a sample in the impure state with those for an authentic 
sample. (XII) was isolated by preparative GLC in another run and identified by 
elemental analysis, IR and Nh4R spectra. The IR spectra of both (XII) and (XIV) 
exhibit bands near 1104 and 1000 cm-’ characteristic of an unsubstituted cyclo- 
pentadiene ring and in addition (XII) has bands near 1165 and 945 cm-’ character- 
istic of the ethoxysilane, while (XIV) has bands in the region of 1070-1100 cm-l due 
to v(Si-0). 

All results together with conditions under which reactions of compounds 

J. Organometal. Chem., 43 (1972) 



314 M. KUMADA et al. 

(I)-(XI), &VIII), and @IX) were carried out are summarized in Table 1. Some 
physical properties and analytical data for the new compounds are listed in Table 2 
and their ‘H NMR data in Table 3. 

Attempted reaction of (I) in degassed ethanolic solution of hydrogen chioride 
III a glass ampoule was placed a solution of 123 mg (0.388 mmol) of (I) in 10 ml 

of absolute ethanol containing hydrogen chloride (0.053 M). The mixture was 
degassed by repeated freezing and melting under vacuum. The ampoule was sealed 
and allowed to stand at room temperature for 308 h. It was then opened, and half of 
the reaction mixture was worked up as described above and shown by GLC to 
consist of unchanged (I) (93.3 % yield) and a trace of ferrocene. It was ascertained that 
hydrogen chloride had not been completely removed by degassing. The remaining 
half of the. reaction mixture was allowed to stand for some hours with occasional 
shaking, and then transferred into a glass ampoule. After 142 h at room temperature, 
the reaction mixture was found to contain the starting material (I) (53.5x), (XII) 
(4&O%), and traces of ferrocene. 

Attempted reaction of(J) with oxygen in ethanol 
(I) (122 mg, 0.385 mmol) was dissolved in 30 ml of dry ethanol. Dry oxygen 

was bubbled into the solution at room temperature for 120 h. After evaporation of 
the solvent, the residue was chromatographed on alumina to give 106 mg (87.3 % 
yield) of unchanged (I). 
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